During purification of lyi using oligo(dT)-cellulose chromatography, a receptor accessory factor (RAF) was identified in the cytosol of mouse kidney. This factor stimulates the binding of purified E^R to oligo(dT)-, oligo(dC)-, and oligo(dA)-cellulose as well as to DNA cellulose. It is a heat-stable, trypsin-resistant protein with an apparent molecular weight of between 10 and 30,000 daltons. Although structurally unrelated, similar stimulation of oligonucleotide binding was seen with calf thymus hlstones and, to a lesser extent, egg white lysozyme. Individual histones, especially H2a, H2b, and H3, also facilitate rebinding of purified E2R to oligo(dT)-cellulose, while H1 is leas effective. Furthermore, histones stabilize the holoreceptor during sedimentation at 4° and 12°C. The N-and C-termlnal half molecules of H2b were generated by cyanogen bromide-mediated cleavage and the N-terminal half was found to duplicate the effects of the parent molecule, both in binding and holoreceptor stabilization. These data suggest that the in vivo binding of EoR to DNA can be modulated by accessory proteins of cytosol and nuclear origin.
INTRODUCTION
Despite the absence of information on the detailed structures of pure estradiol receptor proteins, studies using cruder preparations indicate at least two distinct domains on these molecules, the binding sites for steroid Uganda and those for the polydeoxyribonucleotides. In regard to the latter, studies have demonstrated that the binding was nonsaturable and nonspecific as to the source of the DNA (1-3). Tamamoto and Alberts (i) postulated that estradiol receptors resemble the lac repressor by binding to both sequence specific and nonspecific sites in DNA. They calculated that as many as 1(r specific sites could be masked by nonspecific binding using current methods of analysis. let nonspecific binding itself is a potential determinant in the action of a putative modulator of transcription such as the estradiol receptor complexes (EjR).
Furthermore, the term nonspecific is an inaccurate description of the nonsaturable binding of E_R to DIIA. A preference in binding was reported for native over denatured DNA (5, 6) , poly(dA-T) over other synthetic polydeoxyribonudeotides (6), bronuridlne-substltuted DNA over unsubstituted DNA (7) , and oligo(dT)-and oligo(dC)-cellulose over ollgo(dA)-cellulose (8) . The nonrandom affinities for poly-and oligonucleotldes suggest a complimentary configuration on the receptor protein which functions as a recognition site. The separateness of the polynucleotide recognition site from that of steroid binding in KjR, as well as other Bteroid receptor conplexes, was demonstrated by the effects of limited proteolysis (9) (10) (11) . Under these conditions, DNA binding was destroyed without affecting retention of the steroid llgand. Similarly agents such as pyridoxal-5-phosphate (12) , aurintricarboxyllc acid (13) and Cibacron blue F3GA
(1/0 inhibit the DNA or nuclear binding of glucocorticoid and eetradiol receptor complexes without altering the association of the bound steroid.
The polynucleotide recognition site presents a potential locue for the modulation of EgR activity. However, little information is available on the role of cellular components which may influence the DNA binding of these complexes.
Thrower and co-workers (15) showed that the binding of rat uterine EjR to oligo(dT)-celTulose was parallel to ita binding to DNA cellulose In the amount of EjK uptake and the salt concentration required for elution. In addition, they found that ollgo(dT)-cellulose binding was stimulated by a cytosol factor under different conditions. We have also used olieo(dT)-cellulose chromatography for the purification of EjR previously identified in mouse kidney and uterine cytosolo (16, 17) . Initial experiments Indicated that a component of mouse kidney cytoeol, which bound tightly to ollgo(dT)-cellulose, stimulated the oligonucleotide binding of partially purified E^R. This receptor accessory factor (RAF) was partially purified and found to be a heat-stable, trypsinresistant protein. In assessing the specificity of stimulation of the rebinding of Eyt to oligo(dT)-cellulose, the calf thymus histones were effective at low concentrations, while lysozyme end gamma globulin were not. These results indicate that polynucleotide binding of Ej>R can be nodulated by endogenous components of the cytoplasm and of the nucleus of target cells.
MATERIALS AND METHODS
HyatNTLAB mice, naleB weighing 20 g and 21-day-old females of 12 g, were obtained from the Griffin Laboratories of this Division. [ 2, 4, 5, 7, 16, F]_ Estradiol-17e, specific activity H5 Ci/mmole, was purchased from Amersham and tested for purity ty thin layer chromatography. Nonradioactive steroids were obtained from Steraloids, Inc., Wilton, HH. Oligo(dT)-, oligo(dA)-, and oligo(dC)-celTuloees were the products of P-L Biochemlcals, while DNA cellulose, prepared according to the method of Alberts and Herrick (18) , was fron Enzo laboratories, New York, NY. Worthington Biochemical Corporation was the source of trypsin, DNase, RHaee, lyeozyme, the calf thynus histone mixture and the individual histones (H1, H2a, H2b, and H3). Ganma globulin and pepsin were from Sigma. Pronase was from Calbiochem, proteinaee K from Merck and Staphylococcus aureus proteinase V fron Miles. SP-Sepbadex and Sephadex G-25 were fron Pharmacia while Bio-Rad was the source of Biogels P-10, P-30, P-60 and P-100.
The methods of preparation of mouee kidney and uterine cytosol, receptor binding of C%3estradiol and oligodeoxyribonucleotide binding have been published (8) . A concentration of 0.15 M KC1 was routinely used in the nucleotlde binding assays. The dissociation of f%]estradiol from T'TDEjR was measured by a modification of the method of Penefsky (19, 20) . The buffers which were used are TED (Tris-HCl, pK 7. 
Enrichment of ffgff using oligo(dT)-eellulo8e binding
t\lEr^. of either kidney or uterine cytosol, 0.2 ml, was added to 1.5 ml polyethylene tubes (Beckman) which contained 250 wg of oligonucleotide covalently bound to 5 mg of cellulose in 0.4. ml of 0.225 K KC1-TED. The tubes were agitated using a vortex and then rotated at low speed on a multipurpose rotator (Scientific Industries) for 1 hr at 4°C, following which the mixtures were centrifuged at 10,000 x g for 3 nin nnd the supernatants were discarded.
The pellets were resuspended in 0.6 ml of 0.15 M KC1-TED and centrifuged again.
The supernatants were discarded and the pellets suspended in 0.3 ml of 0.5 M KC1-T 2 _EDG 2O . The mixtures were rotated at low speed for 2 hr at 4°C, centrifuged and the supernatant retained. The partially purified EjR present in the supernatant contained 1600 fmoles/mg protein compared to 20 fmoles/mg in the initial kidney cytosol, an enrichment of 80-fold. The values for uterine E 2 R were 1088 fmoles/mg protein in the 0.5 M KC1 eluent compared to 150 fmoles/mg in the cytosol, an enrichment of 7-fold. In some experiments, the partially purified kidney EgR was concentrated by slowly adding solid (NH^SO^ to 6C#
(w/v) of saturation. The pH was maintained at 7.6 by addition of concentrated NH.OH. The mixture was equilibrated for 1 hr at 4°C and then centrifuged at 100,000 x g for 30 min using an EV56 Ti rotor (Beckman). The pellet was suspended in a m-lTi-iiimi volume of T^EDGj. buffer.
Enriahmant of RAP
The kidney cytosol was prepared according to the method of Thanki et al. 
RESULTS

Identification of an oligomicleotide binding stimulatory factor
During purification of mouse kidney cytosol EjR, using ollgo(dT)-cellulose batch chronatography, an unexpected result was encountered in the initial experiments. Of the input EjR about 30£ was bound to the oligonucleotide and of that bound, 60-70$ was eluted with 0.5 K KC1. This resulted in an 80-fold increase in 'Z^. specific activity if cytosol was used and 200-fold If an intervening 0-30^ (NH.^SO, fractionation step was included. However, when the purified E^R was assayed by readsorption to oligo(dT)-cellulose, the amount retained was the seme as that observed with the initial crude cytosol and not the increase in binding anticipated for a molecule purified through affinity interaction. This was not due to dissociation of the steroid from the receptor protein as determined by gel filtration. If the oligo(dT)-cellulose, recovered from one cycle of E-R adsorption and elution, was substituted for fresh affinity matrix, there was a 2-to 3-fold enhancement of purified EjR rebinding ( Table 1) • The improved binding was not seen if cytosol E«R were used instead of the partially purified coicplex. These results suggested that a factor (or factors) was retained on the oligonucleotide cellulose which stimulated EjR binding to this ligand.
Addition of mouse kidney cytosol indicated the presence of an oligonucleotide binding stimulatory activity when tested with purified kidney E~R ( Partially purified EjR was bound to oligo(dT)-cellulose, plus or minus the designated additions, under conditione described in the section on Methods in ref. (8) . In Experiment 1, the used oligo(dT)-cellulose was the pellet following one cycle of E-,R adsorption and elution. Residual radioactivity of 310 cpm was subtracted from the observed radioactivity of the second binding to yield the percent of input E2R which was bound. RAF fractions I, II, and III preparation is described in the section on Methods. The amount of prctein added per experiment was 100 pg for fraction I, 6 \ig for fraction II, and 4 yg for fraction III. In this and other binding experiments, the nonspecific binding to unmodified cellulose was subtracted from the ollgo(dT)-cellulose-bound radioactivity to yield the selective binding and each point is the mean of duplicate assays. part 2). A 2-fold increase in binding WBB seen with addition of the cytosol. Neither exposure to 100°C for 10 mln nor boiling followed by dialysis against distilled H 2 0 significantly reduced the cytosol stimulatory activity. The RAF effect was not restricted to kidney receptor complexes but was also apparent when the ollgonucleotide binding of purified uterine cytoeol EjR was tested (Kumar, S. A., Beach, T. A. and Dickerman, H. ¥., unpublished results). In thla experiment, uterine cytosol E-R was adsorbed onto DNA cellulose and eluted with 0.4 M KC1 using a batch procedure Identical to the oligo(dT)-cellulose chromatography described in the section on Methods. The percentage of input EjR bound to oligo(dT)-cellulose prior to DNA cellulose chromatography was 35% and following elutlon, 12$. However, the addition of a boiled kidney supernatant Increased the binding of the eluted E 2 R to 32? of input. Addition of the RAF fraction to nonpurified uterine E_R had no effect on its oligonucleotide binding.
RAF activity was not restricted to the kidney but was also detected in the cytosols of. the mouse uterus and, to a lesser extent, lung. No significant stimulation was obtained by addition of aerum or the cytosols of skeletal muscle or brain ( Table 2 ).
The stimulation of kidney EjR binding by kidney RAF waB not restricted to ollgo(dT)-cellulose but was also apparent with oligo(dC)-, ollgo(dA)-, and DNA The extracts fron tissue cytosols and aerum uere prepared the same as waB kidney RAF fraction II (section on Methods). Aliquots containing 100 yg protein of these extracts were added to the binding nixtures containing 7 fmoles of partially purified EjR. 
Partial purification and characterization of kidney RAP
The RAF of kidney cytosol was enriched using Procedure a described in the section on Methods. Addition of the SP-Sephadex eluate, over a 6-fold concentration range, to purified kidney EpR led to an increase in oligo(dT) binding to almost 8O5f of the Input complex (Fig. 1) . The approximate molecular weight of RAF, fraction III (method b), was obtained by a modification of the method of Penefsky (19, 20) using sedimentation through a graded series of gels, P-10, P-30, P-60, and P-100. The retention of activity in the void volumes as percent of the Input was as follows: P-10, 100^5; P-30, 5C#; P-6>0, 6%: and RAF (//g/ml) Figure 1 . The binding of EoR to oligo(dT)-cellulo8e as a function of RAF concentration. C^fQEpR was purified using oligo(dT)-cellulose and RAF using SPSephadex as described in the section on Methods. The input of C^mEjR was 7 fmoles.
P-100, Oif. This suggeBts that RAF is a molecule of between 10 and 30,000 daltons molecular weight. The chemical identity of RAF was determined using the effects of dcgradative enzymes on factor activity. Bullock and Eardin (16) reported that estradiol retention by nouse kidney cytosol receptors was sensitive to pronase digestion; in our laboratory, binding of crude or partially purified F^R to ollgo(dT)-cellulose uas eliminated by the actions of pronase, proteinase K or trypein. However, the heat stability of RAF allowed the testing of the factor's sensitivity to proteolysiB without compromising E^R. In the experiment described in Table U , the proteases vere added to partially purified RAF (Procedure a, section on Methods) and the mixture was incubated for 30 mln at 20°C. The reactants were then boiled for 10 nin, cooled, centrifuged to remove any precipitate and an aliquot transferred to the binding reaction mixtures. The action of pronase and proteinase K resulted In a loss of stimulatory activity while exposure to trypsln, even-at a marked excess, had no effect. Repetition of the prelncubatlon of RAF with trypsin at 37°C did not alter this experimental result. Chymotrypsin was also without an effect on RAF activity. In contrast, exposure of RAF to pepsin or Staphylococcal aureus protease V led to a loss of activity suggesting an involvement of glutamyl and aspartyl residues. RNase A and DNase I exposure did not lead to a loss of activity. These results indicated that RAF was a protein or a small molecule Intimately bound to a protein.
Effect of other proteins on binding of F^l to oligo(dX)-cellulose
The finding that a relatively low molecular weight, heat-stable proteinBtimulated E,,R binding to ollgo(dT) led to an examination of other proteins as modulators of the binding reaction. Figure 2 represents the change In extent of binding as a function of varying concentrations of calf thymuB histones, egg white lysozyme and human gamna globulin. The total hlstones, at a concentration range of 30 to 70 yg/ml, led to a 2-fold increase in F_R binding with saturation occurring at about 100 yg/ml. The basic protein, lysozyme, also led to an Increased binding but only at concentrations 2.5 greater than that of the hietones while gamma globulin was essentially without effect.
The stimulation by basic proteins suggested that the effect was due to their content of lysine and/or arginine residues and this was tested by com- to ollgo(dT)-paring the effects of the individual histones, H1 (lysine-rich), H2a and H2b (slightly lysine-rich) and H3 (arginine-rich). Of the input 7 fmoles, the amount of E, >R bound to oligo(dT)-ceUulose was 2.2 in the absence of histones, 3.0 for H1, 5.6 for H2a, 5.6 for H2b, and 4..8 for H3. The amount of histones added was 50 pg/binding reaction mixture. When the amount of added histones was 5 pg/mlxture, the bound EjR was 2.7 for H1, A.3 for H2a, '4.A for H2b, and 3.7 for H3. A more complete comparison of the effects of H1 and H2a is shown in Fig. 3 . Although H1 increased the oligonucleotide binding of purified EjR, it was not as effective as H2a. The latter led to a 2-fold increase in binding at 40 lag or more of added protein. An apparent saturation in the stimulatory effect was seen with both H1 and H2a. These data indicated that the histone effect was not due to the lysine content of the proteins alone but that the nucleosomal components (H2a, H2b and E3) were more effective t.hnn ertranucleosomal lysine-rich H1. In this regard, poly-L-lysine, HO,000 molecular weight, decreased the ollgo(dT)-cellulose binding of EjR from a control level of 19J5 of input to 10$ when 50 yg of the polycation was added and 5? when 100 yg was added. Exposure of the hiatones to trypsin however decreased the stimulatory activity as follows: H1, 3P?; H2a, 59^; H2b, £6* and H3, 4-6%. Precautions, including adding a 5-fold excess of soybean trypain inhibitor and boiling for 10 mln, were taken to eliminate any effect the protease might have on the receptor complex, tinder the Bame conditions, there was no decrease in the with a significant zone of dissociated C%3E 2 ranging back towards the meniscua. However when any of the hlstones were added to E^R prior to centrifugation, there was an increase in the area of the AS peak relative to the amount of dissociated steroid. At a cectrifugation temperature of 12°C, a diminished 4S peak was apparent in the absence of histones due to dissociation of the complex. When H2a and H2b were present, the 4.S peak was better preserved although H3 and H1 also demonstrated some stabilizing effects. At a temperature of 20 C, there was essentially no recovery of a £S peak with the exception of a small shoulder in the sample to which H2b had been added. These data indicate that exposure of purified EgR to all the histones tested led to an increased amplitude of the IS hormone-receptor complex. Addition of RAF, procedure (a) fraction SP, did not lead to an enhanced recovery of EpR at any of the operational temperatures, nor did equivalent amounts of lysozyme or gamma globulin.
The effeote of the ff-and C-terminal half molecules of B2b on E^i binding and stability
There is an asymmetry in the distribution of basic charges in the five types of histones and the possibility existed that the histone effects on E 2 R binding and/or stability were a function of those positions of the molecules with either a high or low basic charge density. Histone 2b has a very uneven distribution of lyBine and arginine residues and is subject to a single steroid was Been with H2b. The N-terminal half molecule approximated the effect seen with untreated E2b while the C-terminal half molecule led to an aggregation of E^R as well as an increase in pelleted radioactivity (data not shown). At 12°C, there was a marked decrease in the amplitude of the AS peak in the absence of any histone while H2b addition again led to retention of a well-defined peak. At the higher temperature, addition of the f-terminal half molecule yielded results coe.parable to that of the parent molecule while the more helical C-terminal fragment again ler! to aggregation of purified E_R. As with the intact hietone molecules, the emplitv.de of the AS E_R complex was increased but there was no shift in the sedimentation coefficient. These results indicate that the estradiol receptor protein contains a cation reactive site which affects the retention of the steroid. (15) .
The fluctuations in the cytosol activator fraction vere used to explain the nuclear-cytoplasmic distribution of E^R in rat uterus and female neonate hypothalamufl at different stages of the estrbus cycle (31, 32) . Although there are similarities between the cytosol activity described in these studies and mouse kidney RAF, i.e., cytosol localization and requirement for factordepleted EjR, the studies are too prelimirary to conclude that they are identical. It recaire to be proven that RAF has a physiologic role in the nuclear uptake of EjR but the potential exists for positive regulation of When the extent of binding of partially purified E^R to an oligonucleotide ligand was measured, calf thyEus histones were found to be stimulatory at concentrations far below those at which lysozyme, an extracellular basic protein, was effective. Human gamma globulin was without effect indicating that the stimulation waa not a general protein effect. Comparison of histones H1, H2a, H2b, and H3 indicated that those which are part of the nucleosome were more effective thnn the lysine-rich extranucleosomal 111. This is of interest because if target cell nuclei are partially digested with DNase I, E~R was located at the released mononucleosomal peak or at slightly heavier position (36) (37) (38) . Further elucidation of the histone effect using the well-defined half molecules of histone H2b indicated that the H-terminal half was more effective in promoting binding to oligo(dT) than was the C-terminal half molecule. This basic amino acid-rich sequence has been shown to be the part of the molecule which Interacts with DNA by thermal denaturation (29) , NMR 
